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CAPABILITY EVALUATION OF THE RADIAL-AXIAL SPLITTER 

By S. J. Anderson 1 and D. E. Swanson 1 

ABSTRACT 

'ro- de-f-tne· t-he capabilities of a nonexplosive excavation concept, the 
Bureau of Mines conducted reduced-scale laboratory tests of a mechanical 
excavation tool called a rock splitter. The splitter investigated was 
capable of applying ~ombinatiorys of radial and axial loads to rock when 
placed in a predrilled hole. Experiments conducted with the tool in 
concrete, limestone, and granite proved it capable of excavating all 
three materials. Break geometry in these three materials was the same, 
which encourages the prediction of performance in all rocks. The design 
of the radial-axial loading splitter's feather components significantly 
affected the tool's performance. It appears the design of this in-hole 
component should be tailored for the rock to be excavated. 

1Mining engineer, Twin Cities Research Center, Bureau of Mines, Minneapolis, MN. 
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INTRODUCTION 

Investigations were conducted by the 
Bureau of Mines to further determine and 
optimize the operational and design char
acteristics of radial-axial loading 
splitters. These splitters are the heart 
of a nonexplosive-excavation concept 
having wide potential for use in under
ground mining and, as such, are part of a 
larger Bureau effort to evaluate new 
mining techniques. 

Cost-effective splitter mining tech
nology would enhance the domestic 
underground mining industry by making 
available an excavation technique that is 
ve-rsatile and energy efficient, even in 
the hardest formations. As a replacement 
for blasting, this technology would elim
inate blast shock and ground vibrations, 
dust and toxic fumes, flyrock, overbreak, 
and associated production delays. 

The radial-axial loading splitters used 
in this investigation are improved ver
sions of those used in previous Bureau 

studies (!).2 Previous investigations 
determined that radial-axial loading 
splitters present a greater potential for 
use in underground mining than do other 
splitter types (~-~). Radial-axial 
loading splitters differ in that they 
generate fractures that propagate from an 
ih-hole anchoring point back to the free 
surface of the working fac-~-ro--acco~
plish this, the tool uses concentric in
hole components made up of a wedge, 
thrust rod, and feathers that are 
actuated by a special hydraulic cylinder 
(fig. 1). The improved splitter (fig. 2) 
has increased force output that enables 
operation at extended depths and in 
tougher materia-is. Experiments with this 
improved splitter were conducted in the 
laboratory at reduced scale and were 
expanded from operation in concrete (the 
only material fragmented in previous 
studies) to operations in limestone and 
granite. 

EXPERIMENTAL PROGRAM 

The experimental program was divided 
into three areas; the first optimized 
splitter design and focused on trials 
with an array of feathers that varied 
in geometry and metallurgy, the 
second analyzed splitter capabilities in 

2Underlined numhers in parentheses 
refer to items in the list of references 
preceding the appendix at the end of 
this report. 

Port 

limestone and granite, and the third 
investigated the splitter's operational 
characteristics. 

Design optimization of the splitter 
concentrated on the feather portion of 
the tool's in-hole components. Because 
the feather interacts directly with the 
rock to be broken, it plays a key role 
in the fracturing process. As the 
experiments were conducted in the three 
materials, the effect that feather-design 

Feathe r 
Thrust 
rod 

FIGURE 1.-Splltter cross section. 
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FIGURE 2.-Laboralory radial-axial loading splitter. 

changes had on the forces required to 
produce breaks and on the quantity of 
material removed by the break, or the 
break effectiveness, was analyzed. 

A predictive data base was produced by 
the second area of the experimental 
program. The variables investigated in
cluded depth of break, radial- and axial
force requirements, and break effective
ness. These experiments were run with 
respect to prepared planar surfaces of 
the two rock types. The resultant data 
were used for comparisons of performance. 

The operational characteristics inves
tigated included paired breaks, confine
ment, and tool orientation with the face 
and rock structure. With these exper
iments, tool-rock interaction was studied 
to determine the most efficient modes of 
breaking. Excavation of a simulated 
drift in limestone, and breaks made in 
the surfaces of the two rock types 
provided information in this area of 
investigation. 

EQUIPMENT AND MATERIALS 

The splitters used in this investiga- this is done, the thrust rod is extended. 
tion had two major components: a When contact is made with the hole bot
hydrauliic-cylinder component containing tom, an axial load is appiied to the 
two double-acting pistons capable of in- rock. The resulting strain imposed on 
dependent movement, and an assembly of the rock by the radial and axial loads 
in-hole components that connect with the causes the rock to fracture. 
pistons and the cylinder body itself. As a result of a designed increase in 

The hydraulic cylinder individually the size of the splitter cylinder, the 
actuates t -he wedge and thru-st-rod- ptlr---f-ore-e-generating capabilities of the 
tions of the in-hole components and splitters used in this investigation are 
thereby supplies the energy required to greater than those previously used by the 
break rock. The in-hole components com- Bureau (l). The cylinder has a 2.50-in 
prised of feathers, wedge, and thrust rod bore diameter, a maximum operating pres
are the mechanical means by which the sure of 2,400 psi, and can apply loads of 
splitters generate breaks (fig. 3). Qp- up to 11,760 lb of force axially and up 
erating in a previously drilled hole, the to 57,000 lb radially in conjunction with 
wedge is drawn back into the feathers, the feather and wedge portions of the in
forcing them outward aganist the hole hole components. Pressure transducers 
wall, securely anchoring the splitter plumbed into the radial- and axial-pres
within the hole with a radial load. Once sure supply lines of the splitter 
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Hydrau lie cy I i nder 

---------------2-----
Wedge 

FIGURE 3.-ln-hole components of the splitter (len) and break generation (right), indicated by arrows. 

responded to the loads applied by the 
tool and sent their signals to strip
chart recorders for documentation. The 
radial and axial loads on the tools were 
calculated from these pressure readings. 

In-hole component design is critical to 
the effective operation of the splitter. 
Because of the increased radial and axial 
force-generating capabilities, the in
hole components were enlarged and re
quired a 0.875-in-diam hole within which 
to operate. Tool steels that were heat
treated for increased hardness and 
strength were used for these three con
centric components. 

The splitters were powered by an elec
trically driven hydraulic pump with out
put capabilities of .50 gpm and 3,000 
psi. Control panels provided for the 
regulation of splitter-actuation speed, 

pressure, and direction of individual in
hole component movement. Sections of 
flexible 10-ft hydraulic hose connected 
the splitters to the control panels 
(fig. 4). Drilling required by the 
splitter was accomplished by an electri
ically powered, rotary-percussive, hand
held drill. 

The materials fragmented in these ex
periments were concrete, limestone, and 
granite. The concrete was a sand, 
portland-cement mix, that was cast in 
cubic forms at the Twin Cities Research 
Center and given a minimum 90-day curing 
to ensure full strength prior to use. 
The limestone and granite were large 
blocks of dimension stone obtained from 
local quarries. The limestone was a 
banded yellow dolomitic quartz with thin 
white partings of dolomite. This sandy 
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FIGURE 4.-Splitter connected to control panel. 

doles tone was medium to fine grained with 
a silt-sized dolomitic matrix. Voids, 
pea-sized and smaller, were infrequently 
found in the stone. The granite was a 
dark-red, medium-grained, equigranular to 

porphyritic, gneissic quartz monzonite 
that contained approximately 5 pct 
biotite. Table 1 gives a more detailed 
description of the materials fr~gmented 

and some of their material properties. 

TABLE 1. - Description and physical properties 'of material fragmented 

Descri)tion Streng th, psi Apparent 
Material Geologic Commercial Origin Comp r es - Ten-- density, 

sive sile g/c~ 
Concrete 1 •••• • • • NAp •••••••••••• Portland cement, NAp •••••••• 7 , 894 668 2 . 21 

10-lb bag morta r 
mix; 10vl wate r , 
fine sand; 3"'in 
slump. 

Limestone (~) Oneonta Member, Kasota stone. , • •• Kasota, MN . 13 , 000 580 2.48 
Prairie du Chien 
Formation. 

Granite l ••••• Early Precambrian Mahogany g l·anite . Ortonville, 25 , 827 957 2.65 
quartz monzonite. MN o 

NAp Not app11cable. 
Iproperties measured in the laboratory. 
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OPERATING PROCEDURES 

The splitter's operating procedures 
were consistent from test to test · 
throughout the experimental program. 
When operating on the face of the wire
sawed blocks, each break was spaced suf
ficiently to make it independent of pre
vio re_ak_s aruLthe b.lo..ck' s edges (fig .• 
5). In the simulated drift in limestone, 
breaks were not independent, but inter
acted with each other and were made suc
cessively over previous breaks as the 
drift advanced (fig. 6). Each hole re
quired by the splitter was drilled to a 
predetermined' surface alignment and 

depth. Drill-hole position was deter
mined on the basis of break function, 
with respect to the experience gained by 
previous breaks, and on the character
istics of the rock being fractured. 

After each break, cylinder pressures 
corresponding to the maximum radial- and 
axial-f orce loadings we re_ .I:.ac.or_de.d,. _ _ aa
were the circumstances surrounding the 
break, the depth, the effectiveness, and 
any problems or peculiarities. Excavated 
break material was then gathered, 
weighed, and recorded. 

RESULTS AND DISCUSSION 

Both quantitative an qua ~tat ve 
analyses of the data generated from the 
experimental program are presented 
in the following subsections. Regres
sion-analysis techniques were sometimes 
used to evaluate the data. As a check 
on the validity of these analyses, 

null-hypot esis testing was conducted 
according to Chatterjee (i). This test 
examines whether x explains a signifi
cant amount of variation in y. The con
fidence level in these evaluations was 
95 pet. These data can be found in the 
appendix. 

FIGURE 5.-Breaks spaced to Insure independent tests. 
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FIGURE G.-Simulated drift in which breaks were made successively over previous breaks. 

IN-HOLE COMPONENTS DESIGN OPTIMIZATION 

To improve splitter performance, exper
iments with the tool's three in-hole com
ponents were conducted. The thrust-rod 
component operated independently of the 
wedge and feather and was a relatively 
simple piece to optimize. However, the 
wedge and feather components, which in
teract with one another and the rock, 
were mutually sensitive to design changes 
(fig. 7). In-hole components that varied 
in geometry and metallurgy were monitored 
in this program for their longevity and 
their influence on splitter performance. 

The thrust rod, which operates against 
the hole bottom and is loaded primarily 
in compression by this action, performed 
without fault. This component was made 
from an oil-hardening tool steel, Ameri
can Iron and Steel Institute (AISI) Type 
02, that was hardened to 60 Rockwell 
hardness C scale (Re ). 

The geometry and metallurgy of the 
wedge have been varied with mixed 

LJ)---~ ~'----_---.J 
\ 

Wedge 
angle 

-~r 

~~1\1II11I:!r.r--! ------..) ft~--J~" 
_I 0 ( ] --;"'" 

FIGURE 7.-Wedge (top) and feather (bottom) detail. 

success. The 7° wedge angle presently 
used is a compromise between increased 
wedge angle for quicker expansion of 
the feathers and decreased angle for 
increased mechanical advantage. In 
operation, the wedge is drawn back into 
the feathers. This action loads the 
wedge with a relatively small tensile 
stress and a much greater compressive 
stress where it contacts with the 
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feathers. The steel that the wedge i-8-- eoustraints reduced the number of tests 
made from is the same AISI Type 02 that conducted to a level below that which was 
was used in the thrust rod. The wedge is desired, and additional testing should be 
hardened to about 56 Rc and does not show carried out. However, the testing accom
the wear or material creep of those made plished demonstrated that feather geome
from lower s ,t ,rength steels, nor does try influences splitter performance. 
it exhibit the brittle failure problems Increased feather end angle acts as a 
associated with wedges of greater stress riser, effectively reducing the 
hardness. force required to produce fractures. 

As failure of the feathers was the most However, the stress-riser benefit is not 
persistent problem encountered wit~ -the apparent in soft rocks. Owing to the low 
in-hole components, project personnel compress"ive strength of concret-e-, - lo'ca'l 
experimented with a variety of steels to crushing occurred at the feather-concrete 
improve the performance of this component interface when using 15°, and 30° feath
(table 2). Operation of the splitter ers, negating the advantage of their in
subjects the feathers to extremes of creased end angles. More apparent is the 
tensile and compressive stresses and also positive effect of increased end angles 
~uts them ~n contact with highly abrasive when operating in granite. Here the 15° 
rock. This forced a compromise in and 30° end-angle feathers caused a clear 
metallurgy, between hig-h-Btrength hardened reduction in force requirements and per
steels, which are prone to brittle mitted breaks to be made at greater 
failure, and lower strength steels, which depths. The 3° end-angle feathers per
are more ductile and thereby fail formed with great difficulty in the 
plastically or through wear. The most granite at shallow depths and were in
satisfactory alternative at present is a capable of producing breaks at depths 
heat-treated, oil-hardening tool steel exceeding 1.25 in; they were therefore 
(AISI Type L6). This steel, which excluded from further evaluation. The 
differs from that used for the wedge data from the 3° feather tests can be 
be cause of its increas ed t -oughnes.B., J.s'----''-'''~u-----'"_U _ _f.A.f''_P_en-duJ .ables A-I to A-3. 
hardened to about 52 Rc and possesses Little difference in performance has been 
enough ductility to greatly reduce the seen between the 15° and 30° feathers at 
chance of brittle failure, yet it this time; however, performance differ
maintains sufficient strength to minimize ences are likely in stronger materials 
material creep and wear. (figures 8-10). 

Because of the radial-axial splitter's Of important note is the effect of 
sensitivity to feather design, alterna- feather angle on break effectiveness 
native feather geometrics were tested to (panel C of figures 8-10). Break effec
determine their performance. Feathers tiveness does not appear to be influenced 
with included end angles of 3°, 15°, and by the feather angle when a break can 
30° were fabricated and tested in all be made. The different feathers produced 
three materials. Time and materials the same characteristic fracture path in 

TABLE 2. - Steels used for wedge and 
feather components 

AISI Hard- Failure Trials 
Component type ness, mode to 

Rc failure 

Wedge •••• 420 40 Ductile. 10 
630 44 ••• do ••• 20 

02 62 Brittle. 20 
Feather •• 630 44 Ductile. 15 

02 52 Brittle. 8 
02 60 •. . do ..• 2 -

each of the three materials. The volume 
of break material excavated by this char
acteristic path can most easily be quan
tified in terms of the depth (length 
measured from the surface to the fracture 
point), and the diameter of the excavated 
mass at the surface. Typically, the 
ratio of this diameter to depth 7:1. A 
conservative approximation for the volume 
of the mass excavated can be made using 
this ratio and approximating the fracture 
path curve by a straight line (fig. 11). 
Assuming that a cross section of the 
fractured mass has a t.-r..i au.glD.ar_ shape, 
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with the base length equal to the depth 
and height equal to three and one-half 
times the base length, the volume can be 
approximated using a solid revolution 
method, as 

where 0 equals the depth. 

However, as pointed out earlier, the 3° 
feathers were not capable of producing 
breaks in granite at extended depths. 
This is an important aspect in th~t a 
change in feather design alone, from 3 0 

to 15° or 30°, allow; the splitter to be 
successful in tougher rocks at greater 
depths. 
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FIGURE 9.-Feather comparisons versus depth of (A) radial 
force, (8) axial force, and (C) weight of material removed in 
limestone. 

The data from these tests are presented 
in graphical form in figures 8-10 and in 
tabular form in tables A-I to A-3. (All 
radial and axial forces presented are 
peak loads and depths are measured from 
the surface to the fracture-initiation 
point.) The curves drawn in figures 8-10 
relating the loads to toe depth of break 
represent the best fitting linear regres
sion equations. The remaining curves 
(figures 8e, 9C, and 10C) relating the 
break weight to the depth represent the 
best fitting power-curve regression equa
tions. The best fitting regression equa
tions, along with their corresponding co
efficients of determination, are given in 
table A-4. 

J 
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FIGURE 1 O.-Feather comparisons versus depth of (A) radial 
force, (8) axial force, and (C) weight of material removed in 
granite. 

PARAMETRIC INVESTIGATIONS 

Limestone and granite blocks were 
tested in this investigation for the re
lationships between (1) depth of break 
and radial- and axial-force requirements 
and (2) depth of break .and break effec
tiveness. Break depth was varied from 
0.625 through 2.75 in, and testing was 
conducted using 15° and 30° feathers, re
spectively, in the limestone and granite 
blocks. Data resulting from these tests 
are listed ~n tables A-5 and A-6. 

The relationships between force pa
rameters and depth of break were stud
ied using linear regression-analysis 

CD, 3.5 D) 

(0, 0) 

FIGURE 11.-Volume approximation. 



techniques. These analyses resulted in 
the following functions and coefficients 
of determination (r2 ).3 

For limestone: 

A 3,380 D + 1,272, r 2 = 0.54 (1 ) 

and R 15,338 D - 1,800, r2 = 0.89 (2) 

For granite: 

A 5,079 D + 1,755, r2 = 0.82 (3 ) 

and R 30,490 D - 4,748, r2 = 0.85 (4) 

where A maximum axial force, lb, 

R maximum radial force, lb, 

and D depth of break, in. 

Figures 12 and 13 show the data plots 
and regression curves that best fit these 
data. The good coefficients indicate 
that predictable radial-axial force load
ing combinations exist for these rocks. 
The one low coefficient that relates 
axial force to depth for experiments in 
limestone may be due to a variation in 
bed strength as the splitter was worked 
parallel with the bedding in several dif
ferent beds. The radial-force coeffi
cient might not have fluctuated as much 
because of its somewhat artificial 
nature, in that, during the course of 
testing, an experienced operator could 
set the initial radial load so that no 
slipping of the tool would occur. There
fore, the maximum radial load recorded 
would reflect this initial load, rather 
than a load applied in response to tool 
slippage. As a result , the recorded 
radial load wa~ . less dependent on 

3Coe fficient of determina tion is the 
proportionate r edu c tion of total vari
a tion associ a ted with the use of the 
independent variable. Thus, t h e l a r ger 
the coeffi c ient, the gr e a t e r the t otal 
variation r e du ced by introducing t h e 
inde pendent variable. 
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FIGURE 12.-Parametric comparisons versus depth of (A) 
radial force, (8) axial force, and (e) weight of material removed 
in limestone. 

individual bed strength and, at times, is 
a reflection of operator control. 
Figure 14 contrasts the forces required 
to produce breaks in limestone and 
granite. The positions of the curves are 
indicative of the relative resistance to 
fracturing by the two rock types. 

Break effectiveness was based on the 
quantity of material removed by each 
test. Regression analysis performed on 
this parameter, as it relates to break 
depth, resulted in the following function 
and coefficient of determination for 
limestone: 
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where W 
grams. 

W = 384 0 2 • 77 , r2 = 0.67, (5) 

quantity of material removed in 

Similarly, the function for granite is 

0.80. (6) 

These empirical estimates of material re
moved agree well with the assumed rela
tionship previously given where the 
volume, and thereby the weight of 
material removed, is proportional to the 
depth of break to the third power. The 
data plots and regression curves that 
best fit these data are shown in figures 
12C and 13C. 
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-----'OPERATI0NAL-V-:ARIA:BI:;E"~---

Concerning the operational character
isics of the radial-axial loading split
ter, investigations were made into the 
effects of breaking simultaneously with 
two splitters and of varying splitter or
ientation with the surface and rock 
structure. Optimization of splitter per
formance was pursued through efforts to 
minimize break forces and maximize the 
quantity of material removed by the 
break. 

These investigations were 
of the effect that variation 

made because 
of confine-

ment has on break geometry. Confinement 
involves the spatial orientation of the 
surface and discontinuities of the rock 
mass in which the break is to be made. 
Included in these categories are irreg
ular face contour, nearness of an addi
tional face or of an excavation's perim
eter, natural discontinuities such as 
bedding planes or fractures that have not 
been recemented, and fractures that had 
begun, but were not completed by previous 
breaks. In genera~increasing confine
ment increases the forces required to 



produce a break. From the simulated 
drifting experiments in limestone, it was 
found that break effectiveness can be 
maintained through proper manipulation of 
the splitter, even in the great confine
ment present within the drift. Figure 15 
represents the cumulative weight of mate
rial removed versus the number of breaks 
from the simulated drifting operation. 
Break effectiveness appears to falloff 
slightly -wi·th- f-ul-l- confinement; however, 
the dramatic decrease in effectiveness 
reported previously by the Bureau (1) has 
been reduced through more efficient 
splitter manipulation. Data from the 
simulated drifting experiments can be 
found in table A-7. 

Splitter Orientation 

Splitter orientation is important be
cause this mechanical excavation tool is 
directional with the loads it applies. 
The fracturing process will therefore be-

·come more efficient if the loads are 
applied to take advantage of any weak
nesses presented by the rock or by the 
face contour. During the excavation of 
the simulated drift, a great deal of 
experience and understanding was gained 

13 

concerning the effect of different break 
geometries on splitter performance. 

There are three basic types of face 
contours that impose different confine
ment on the splitting operation and, 
thereby, result in different break 
geometries (fig. 16). The first (fig. 
16A) is bordered by one or more addi
tional free faces. 'The second (fig. 168) 
is basically planar and infinite as far 
as the fracturing process is concerned, 
although it may have irregular contours, 
and the third (fig. 16C) is bordered by 
one or more confining walls. Each of 
these situations would be excavated dif
ferently to provide the greatest effi
ciency in the splitting operation. 

Operators should take advantage of any 
additional free face as presented by the 
first situation, because it offers less 
confinement on the splitting process. 
Splitters can be operated near the edge 
in a slabbing-type operation under a pre
dominantly radial load, or in their 
normal radial-axial fashion farther from 
the edge, but near enough so that the 
generated fracture will run to the 
additional free face rather than to 
the surface of the working face. When 
utilizing this technique, it appears 
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FIGURE 15.-Cumulative weight of material removed versus number of breaks, simulated drift. 
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Splitte r 

A B c 
FIGURE 16.-Possible confinements on the splitting process. A, Bordered by a free face; B, planar; C, bordered by a confining wall. 

that break forces remain the l';ame bu.Lihe __ c.onf.ine.me.nL, __ -B.n.d_ the l.I"eak __ .t.Q_ t .he 
quantity of material removed can be confined area will be minimal. This 
greatly increased. At times, depending situation greatly reduces both the 
on the distance to the edge, this tech- splitting and operational efficiencies. 
nique requires radial forces greater than To alleviate this problem, the area away 
those required for a normal break at the from the confinement should be excavated 
same depth. However, the axial-force re- first. In the simulated drifting experi
quirements will be much lower, if needed ments, the problem of confinement was 
at all. overcome when, a method of gauging was 

The planar face presented by the second developed where the central portion of 
situation would be best excavated by the face was advanced first, after which 
operating the splitter in its normal splitters in pairs were worked parallel 
radial-axial loading fashion, producing to the advance, excavating the area near 
the classic plug-type break geometry. the wall with ease. This represents one 
The splitting operation may be performed method of meeting the problem without 
and repeated singly, or with groups of much loss in operational efficiency. 
splitters, to advance the face. Equally important to the efficiency of 

The third situation, which is similar splitting is the orientation of the 
to working near the wall of a heading, splitter to the rock structure. Prelim
has proven to be the most difficult to inary laboratory testing in bedded lime
excavate and should be avoided if stone has shown that the quantity of 
possible. If splitters are worked in a material removed by a break can be great
confined area near the wall, fractures ly increased when splitting along the 
will be generated to the unconfined bedding planes. Testing was conducted 
regions away from the bordering walls; working in the same block of limestone 
however, these fractures will extend with breaks generated along the 
no farther than those without the bedding (tool working peFpe-nEli-cular-) and 

fi , 



across the bedding (tool working 
parallel). When the tool was operated 
perpendicular to the bedding, sheets of 
material many times the normal break size 
were excavated. In these tests, 
fractures generated by the splitter 
would follow the bedding planes until 
sheets of material would snap free of 
the mass. 

Paired Breaking 

Paired breaking is the term used to 
describe tests in which a pair of split
ters are operated together in close prox
imity to generate a single break. To 
ensure good-- interaction between the 
tools, the distance between them was kept 
proportional to their depth of operation. 
Spacing too close resulted in breaks that 
were only slightly larger than what a 
single tool could generate, and excessive 
spacing resulted in independent, distinct 
single breaks. Operating the splitters 
in this manner can reduce the forces re
quired for producing breaks and may add 
to their effectiveness. Data from the 
paired-splitter testing program are 
listed in tables A-8 and A-9. 

Figure 17 represents the force study of 
paired versus single breaks in limestone. 
It is apparent from the regression curves 
fitted to these data that breaking with a 
pair of splitters reduces the forces 
required. Similarily, figure 18 repre
sents the force study of paired versus 
single breaks in granite. The regress!on 
curves fitted to these data indicate that 
the forces required are not affected by 
breaking with splitter pairs in granite. 
This is probably due to a lack of suffi
cient interaction .of the stress fields 
produced by the individual splitters in 
the graniteJ_ as a result of the gr3 nite's 
higher strength. 

Figure 17C represents the comparisons 
of material removed by the two break con
ditions when operating in limestone. Be
cause there are two splitters working in 
the paired-break tests, the weights pre
sented for the paired breaks are half of 
the actual weight removed for a better 
comparison with the single-break data. 
An increase in effectiveness was expected 
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FIGURE 17.-Paired- versus single-break comparisons versus 
depth of (A) radial force, (8) axial force, and (C) weight of material 
removed in limestone. 

when breaking with splitter pairs; 
however, the data show no difference. 
Figure 18C shows a similar comparison 
when operating in granite. Again, no 
change in effectiveness can be seen when 
operating the splitters singly or in 
pairs. (See table A-4.) 

The technique of paired breaks proved 
effective when working the gauge of the 
simulated limestone drift. This opera
tion was accomplished by driving the in
terior of the drift's face first, which 
opened an additional surface for the 
splitters to break toward, then operating 
the splitter pair in gauge holes that 
were nearly parallel to the direction of 
the drift's advance. Most breaks made 
were under radial load alone; however, if 
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splitter limits of capability were 
reached, follow-up axial loading was used 
to generate the break. This technique 

f 

proved very effective in excavating and 
maintaining the drifts gauge. 

DRILL-SPLIT CONCEPT POTENTIAL 

The drill-split excavation concept has 
potential as an alternative to the drill
blast method used in the development and 
production activities of underground 
mining. The concept parallels conven
tional blasting techniques in that both 
use drilling to gain access to the rock, 
and both can operate in a broad range of 
rock types. However, the similarity in 
drill-split and drill-blast technologies 
ends here. 

The health and safety advantages of 
splitting technology, st-ated ' in the 
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introduction, are supplemented by the 
radial-axial loading splitter's design 
and operational characteristics. Fore
most may be the self-contained nature of 
this mechanical excavation tool; it does 
not require a mass or additional systems 
to react its excavation forces. This 
makes the tool versatile, giving it the 
ability to go anywhere a drill can. 
Perhaps more importantly, it allows the 
tool the same flexibility as drill-blast 
systems, enabling it to excavate in any 
orient·ation,- t o create an opening of any 
shape, and to take advantage of the 
weaknesses inherent in host-rock forma
t i ons. An additional factor of the 
tool's versatility is that it is 
scalable. Our work with splitters leads 
us to the assumption that commercial-size 
tools can be built and used to generate 
as large a break as required. This ~ 25 
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when excavating in a range of settings, 
creating from very small to large 
openings. 
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FIGURE 18.-Palred- versus single-break comparisons versus 
depth of (A) radial force, (8) axial force, and (C) weight of material 
removed in granite. 

The operational characteristics of the 
splitter are also attractive. The tool 
is easy to operate and requires little 
operator skill, and in most cases a 
single operator should be able to handle 
both the drilling and splitting opera
tions. The excavation process is an 
uncomplicated repetition of the drill
split cycle, which requires a short time 
interval. This continuous-excavation 
technique is nondisruptive to nearby 
mining activities, unlike the involved 
activities in preparing and firing a 
blast. 

There is widespread potential for 
application in underground mining because 
of the splitter's ability to excavate 
development openings. Furthermore, the 
tool's versatility permits these openings 
to be vertical or inclined shafts, or 
drifts of any size or shape. 

Of the major underground mining 
methods, o nTy in cavi ng, 1 ong-hole, ana 
sublevel stoping does the potential for 



splitting appear as limited as pro
duction techniques. The remainder of the 
production methods including the steeply 
pitching seam (such as shrinkage, 
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and underhand stoping), cut
room-and-pillar, and open 
amenable to excavation by 

overhand, 
and··fill, 
stoping are 
splitting. 

FULL-SCALE DEVELOPMENT 

The sucess of the reduced-scale split
ters has led to the design and fabrica
tion of a full-scale splitter and tool 
posit-loner - (.fig. 19). This splitter 
maintains the simplicity of the earlier 
designs and operates in the same manner. 
The tool positioner carries the splitter 
and a complementary drill, and in opera
tion it places the splitter into the hole 
just finished 'by the drill. 

The in-hole components for this 
splitter are designed to work within a 
predrilled hole of O.62S-in-diam, and to 

I. Drill in advance 

2 Drill is retracted 

3. Splitter is posit ioned 

a depth of 14 in. These components are 
made of a tough, oil-hardening, tool 
steel that has performed well in the 
laboratory. The anticipated range of 
breaking depths run from 4 to 12 in, and 
these in-hole components require 2.50 in 
of overdrilling. 

The splitter's hydraulic cylinder is 
made from high-strength aluminum and 
weighs just 50 lb. It has a S.SO-in diam 
bore and an operating pressure range of 0 
to 3,000 psi. The full-scale splitter 
can provide maximum forces of 71,250 Ib 

6. Drill is positioned 

D 

5. Splitter is retracted 

4. Splitter is advanced 

FIGURE 19.-Use of tool positioner to alternate drill and splitter operation. 
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axially and 345,000 lb radially, which is 
approximately six times the capability of 
the splitters used in this investigation. 

The tool positioner is the Bureau's 
initial attempt to automate the drill
split process. It functions as a plat
form that will orient the tools with the 
face, advance and retract the drill, and 
then align and advance the splitter into 
the ju-st-cump-lete-d drill hole. Its 

design parallels that of a drill boom and 
feed, and it provides roll and swing 
operations as well as the tool alignment 
or indexing functions. 

The full-scale unit will be used to 
determine if the splitter is capable of 
larger scale excavation, and to clarify 
the requirements for the positioner and 
the usefulness of an integrated drilling 
and splitting tool. 

CONCLUSIONS 

The metallurgical properties of the in
hole components are critical for satis
factory performance and working life of 
the splitting tool. The current 
components perform well; however, further 
testing is required to determine their 
working life. 

Increasing the included end angle of 
the feathers creates a stress riser that 
influences splitter performance. The 
larger feather and angles definitely 
improved splitter performance when 
operating in granite; however, the effect 
can be compromised by crushing in weaker 
rocks. Because of this cQmprQ~~~~ng 

effect, feather geometry should be inves
tigated jurther to fully test its effect 
on performance. The good correlations 
generated between the forces required and 
depth of break indicate that preliminary 
testing in any rock should yield reliable 
equations with which predictions of force 
and tool requirements can be made. 

Break geometry has been consistent 
throughout all materials tested. This 

indicates that splitter performance could 
be predictable in most rock types. 

Breaking simultaneously appears to pro
vide advantages in Kasota limestone. 
Decreases in required forces were ob
served when operating splitters simul
taneously in limestone. However, no 
differences were found for similar 
operations in granite. The material 
property that governs interaction between 
the pair of splitters needs to be defined 
before the influence that breaking simul
taneously will have on splitter 
excavation can be predicted. 

_ ....;;T;,.:;h=e eff i<;;Jel29'_~~p_li tt ing __ i~ ~g
nificantly affected by the tool's 
orientation with the surface contours and 
the discontinuities in the rock. 

The potential for drill-split excava
tion with radial-axial loading splitters 
is good. However, further investigations 
into tool-rock interactions should be 
undertaken to provide a better under
standing of this relationship. 
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APPENDIX 

TABLE A-I. - Feather-comparison data for concrete 

Break number Feather angle, 0 Depth of break, in Weight of break Force Ib 
material, g Radial Axial 

1 ••••••• , ••••• 3 1. 50 3,642 16,150 5,978 
2 ••••••••••••• 3 1. 50 2,256 16,625 6,566 
3 ••••••••••••• 3 1.25 1,007 17,100 5,390 
4 ••• •••• ••• • •• 3 1.63 1,686 22,562 9,800 
5 •• • •••••••••• 3 2.00 6,139 21,375 9,457 
6 ••••••••••••• 3 1. 63 2,147 21,375 8,820 
7 ••••••••••••• 3 1. 38 1,555 14,250 6,125 
8 ••••••••••••• 3 1. 38 2,070 11,875 6,909 

9 ••••••••••••• 3 1.13 1,779 16,625 5,047 
10 •• • ••••••••• 15 i ~oo 288 14, 250 5,880 
11 •••..••••••• 15 1. 50 1,329 30,281 8,820 
12 ••••.••.•..• 15 1. 63 2,408 28~975 7,595 
13 ••••••••••.• 15 1. 63 1,869 28,500 9,065 
14 •••••••••••• 15 1. 25 546 16,625 5,733 
15 ...•••...••• 15 1. 25 224 14,250 6,027 
16 •••••••••••• 15 1.50 4,380 14,250 6,860 

17 •••••••••••• 15 1. 25 1,624 14,250 5,243 
18 ••••.••••••• 15 1. 25 1,161 11,875 5,586 
19 •••••••••••• 30 1. 38 1,791 14,250 5,390 
20 •••••••••••• 30 1. 38 2,671 11,875 5,145 
21 ••••.....•.. 30 1.13 1,109 9,500 4,998 
22 •••••••••••• 30 1. 38 3,511 11)875 4,655 
23 •••••••••• • • 30 2.00 3,035 20,187 5,880 
24 •••••••••••• 30 2.00 4,890 21,375 6,517 

25 •••••••••••• 30 1. 75 1,793 21,375 5,292 
20 •••••••••••• 30 1. 75 1,196 22,562 6,811 
27 •••••••••••• 30 2.13 6,008 20,425 8,330 
28 ••.•.••••.•• 30 1. 63 1,371 21,375 5,684 
29 •••••••••••• 30 1.13 381 10,687 4-,655 
30 •••••••••••• 30 1.38 1,677 10,687 4,900 
31 ••••.••••••• 30 1. 38 1,143 14,250 6,174 
32 ...••••••••• 30 1. 38 1,328 14,250 6,615 

, I 
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TABLE A-2. - Feather-comparison data for limestone 

Break number Feather angle, 0 Depth of break, in Weight of break Force, lb 
material, K Radial Axial 

1 ••••••••••••• 3 1.50 360 17,812 7,840 
2 ••••••••••••• 3 1.50 754 28,500 7,350 
3 ••••••••••••• 3 1.25 401 17,81 2 5, 145 
4 ••••••••••••• 3 1.38 1,142 26,125 5,390 
5 ••••••••••••• 30 1.50 1,759 14,250 5,390 
6 •••••• ••. -•••• •. 30 1.50 3, 151 19,000 8,330 

- -
7 ••••••••••••• 30 1.38 831 16,625 7,742 
8 ••••• • ••••••• 30 1.25 282 13,062 6,492 
9 ••••••••••••• 30 1.63 282 17,812 8,134 
10 •••••••••••• 30 .88 190 16,625 3,038 
11 •••••••••••• 30 1.00 420 22,562 6,664 
12 •••••••••••• 30 1. 63 995 22,562 10,045 

13 •••••••••••• 30 1.63 527 35,625 9,800 
14 .•.••••.•..• 30 1.00 468 14,250 3,920 
15 •.•••••••••• 30 1.25 881 20,187 7,840 
16 •••••••••••• 30 1. 75 2,613 23,750 8,820 
17 •••••••••••• 30 1. 19 819 15,437 5,880 
18 •••••••••••• 30 .94 383 14,250 4,165 

19 •••••••••••• 30 1. 63 4,870 21,375 8,575 
20 •••••••••••• 30 1.50 960 17,812 7,227 
21 •••••••••••• 30 .94 672 11,875 3,430 --22 •••••••••••• 30 .63 130 -g-, JT2- - 2,4-S 0 
23 •••••••••••• 30 1. 00 337 14,843 3,062 
24 •••.•.•..•.. 30 1.81 3,840 22,562 8,379 

25 •••••••••••• 30 2.00 1,464 27,312 9,187 
26 •••••••••••• 30 2.13 3,086 29,687 8,575 
27 •••••••••••• 30 1. 06 934 13,062 3,430 
28 •.••.....••• 30 1.50 1,354 15,200 4,459 
29 •••••••••••• 30 1.25 912 16,625 3,626 
30 •••••••••••• 30 .88 887 10,687 3,381 
NOTE.--The 15 0 feather-angle data are shown in table A-4. 
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TABLE A-3. - Feather-comparison data for granite 

Break number Feather angle, 0 Depth of break, in Weight of break Force lb 
material, g Radial Axial 

1 ••••••••••••• 3 0.75 234 42,750 10 ,290 
2 ••••••••••••• 3 1.00 384 35,625 7,350 
3 ••••••••••••• 3 1.00 1,180 47,500 8,575 
4 •.•.••••••••• 3 1.00 1,903 47,500 10,290 
5 ••••••••••••• 3 1. 13 245 33,250 9,800 
6 ••••••..••••• 3 1.25 443 35,625 7,203 

7 •••••. " .. " . 15 .75 189 19,000 5,537 
8 •.•••• • .. .•••• 15 .88 1,729 28,500 6,125 
9 •••.••••••••• 15 1.00 511 28,500 5,537 
10 •••••••••••• 15 1.00 834 21,375 7,105 
11 •••••••••••• 15 1.00 1,274 24,937 8,R20 
12 •••••••.•••• 15 1.00 798 22,ROO 7,644 

13 •••.•••••••• 15 1.25 2,202 38,000 9,800 
1-4 . .•.••• .••• .•••. 15 1.25 1,056 33,250 9,555 
15 •••••••••••• 15 1. 25 2,193 35,625 8,624 
16 •••.••.••••• 15 1.25 496 36,812 10,290 
17 •••••••.•••• 15 1.50 4,028 39,187 10,290 
18 •••••••••••• 15 1.63 1,386 44,531 11,760 
NOTE.--The 30 0 feather-angle data are shown in table A-5. 

TABLE A-4. - Regression formulations 

(R radial force, lb; A '" axial force, lb; D s depth, in; W s weight, g) 

Figure Coefficient of Figure Coefficient of 
description Best fitting equation determination, description Best fitting equation dete-rmination, 
No. Key r2 No. Key r2 

FEATHER COMPARISON PAIRED-VERSUS SINGLE-BREAK COMPARISON . 
8A IS' R = 27,462 D - 18,159 0.59 17A Paired R = 1R,256 D - 6,389 0.82 

30' R = 13,184 D - 4,481 .76 Single R ,. 24,651 0 - 9 , 773 .81 
88 IS' A ,. 5,391 o - 587 .65 17 B Paired A '" 4,474 0 ~ 825 .82 

30' A = 2,263 0 + 2,265 .51 Single A ,. 6,402 0 - 1,338 .81 
8e IS' W = 268 04 • 62 .57 17C Paired W ,. 858 0 1 • 63 .41 

30' W = 647 02 • 46 .50 Single W = 414 03 • 20 .60 

9A IS' R ,. 15,338 D - 1,800 .89 18A Paired R ,. 27,395 o - 858 .89 
30' R = 12,199 o + 1,925 .57 Single R ,. 30,490 o - 4,748 .85 

98 IS' A '" 3,380 o + 1,272 .54 18B Paired A ,. 5,258 o + 1,658 .72 
30' A = 5,380 0 - 981 .69 Single A ,. 5,079 0 + 1,755 .82 

9C IS' W = 384 02 •77 .67 18C Paired W = 624 02 • 71 .41 
30' W = 477 02 •27 .52 Single W = 608 0 2 • 97 .80 

lOA IS' R = 29,013 o - 2,225 .85 
30 ' R = 30,490 o - 4,748 .85 

lOB IS' A = 7,232 D + 131 .82 
30' A = 5,079 0 + 1,755 .82 

10C IS' W = 813 02 •32 .39 
30' W = 608 J)2.'V .80 
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TABLE A-5. - Parametric-investigation data for limestone 

Break number Feather angle, 0 Depth of break, in Weight of break Force, lb 
material, g Radial Axial 

1 ••••••••••••• 15 1. 13 1,039 16,625 4,606 

2 ••••••••••••• 15 1.25 1,795 21,375 4,165 

3 ••••••••••••• 15 1.00 577 14,250 4,410 

4 ••••••••••••• 15 1.50 2,729 21,375 8,330 

5 ••••••••••••• 15 1. 75 1,942 26,125 8,967 

6 •••• .• • _~ ~ ••• - .*_ 15 .88 108 13,062 2,940 

7 ••••••••••••• 15 1.00 137 13,0t?2 4,)65 

8 ••••••••••••• 15 .88 410 13,300 4,165 

9 ••••••••••••• 15 1. 00 681 13,775 4,165 

10 •••••••••••• 15 .75 246 10,687 4,655 

11 •••••••••••• 15 .69 94 9,500 2,695 

12 .•.•••••••.. 15 1.56 2,509 23,750 5,292 

13 •••••••••••• 15 2.00 3,175 28,025 9,359 

14 •••••••••••• 15 2.00 2,246 29,687 6,762 
- -

15 •••••••••.•• 15 1.38 561 20,425 7,840 

16 ••.•••••.••• 15 1.63 1,012 28,025 9,653 

17 •••••••••••• 15 .88 117 11,875 3,773 

18 .••••••....• 15 .75 201 11, 162 3,895 

19 •••••••••••• 15 1.50 1,570 19,000 7,105 

20 •••••••••••• 15 .88 414 10,925 3,479 

21 ••.••••••••• 15 1. 00 135 11,875 4,753 

22 •••••••••••• 15 1. 3 230 - - r :-;1)7-S-I-S-;-r45 

23 •••••••••••• 15 2.00 1,740 26,125 10,167 

24 •••••••••••• 15 1.25 1,365 14,250 5,390 

25 •••••••••••• 15 1.38 656 14,250 6,125 

26 •••••••••••• 15 1.38 1,539 19,000 4,459 

27 •••••••••••• 15 1.38 1,086 16,625 4,287 

28 •••••••••••• 15 1. 31 2,153 23,750 4,900 

29 •.•.••••.••• 15 1. 31 3,959 19,000 ' 7,448 

30 •.•........• 15 1. 38 843 19,000 4,018 

31 •••••••••••• 15 1. 38 987 14,250 4,165 

32 •••••••••••• 15 1.25 844 17,812 6,002 

33 •••••••••••• 15 1.38 490 21,375 5,733 

34 ••..••..••.. 15 1.38 603 21,375 5,145 

35 •••••••••••• 15 2.06 2,154 27,312 5,635 

36 •••••••••••• 15 2.63 3,162 40,850 8,575 

37 •••••••••••• 15 2.75 8,270 42,750 8,673 

38 •••••••••••• 15 1.50 1,297 16,625 7,301 

39 •••••••••••• 15 1.25 424 16,625 6,370 

40 •••••••••••• 15 1.13 614 17,812 4,85l 

41 •.•.•••••••. 15 1.63 1,471 22,562 9,800 

42 ••..•••.•... 15 1.63 485 21,375 9,800 
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TABLE A-6. - Parametric-investigation data for granite 

Break number Feather angle, 0 Depth of break, in Weight of break Force lb 
material, g Radial Axial 

1 ••••••••••••• 30 1.38 1,684 27,550 8,330 
2 ••••••••••••• 30 1.50 1,144 33,250 8,575 
3 ••••••••••••• 30 1. 25 1,461 33.250 9,555 
4 ••••••••••••• 30 1. 75 3,715 47,500 9,800 
5 ••••••••••••• 30 1.00 620 23,750 6 , 982 
6 ••••••••••••• 30 .94 539 21,37.5 7,399 

7 ••••••••••••• 30 1. 00 937 26,125 6,125 
8 ••••••••••••• 30 1.25 2,310 27,312 9,065 
9 ••••••••••••• 30 1.38 2,196 45.125 9,800 
10 •••••••••••• 30 .88 243 26,125 6,517 
11 •• t! •• . - • - _ •• 41! • 30 _!-.Q.3 196 14,250 3,528 
12 ••••••••..•• 30 .75 213 17,812 5,880 

13 •••••••••••• 30 1. 00 294 24,937 4,655 
14 ••..••.•••.• 30 1. 63 5,349 47,500 9,800 
15 •...••..•••. 30 2.00 7,028 54,625 11,270 
16 •••••••••••• 30 1.75 2,497 39,187 9,432 
17 •••••••••••• 30 1.25 831 35,625 8,820 
18 •••••••••••• 30 1.75 2,017 57,000 11,760 

19 •••••••••••• 30 .69 354 14,250 4,655 
2 O •••••••••••• 30 .63 164 14,250 4,900 
21 • •••••• • •••• 30 2. 00 8,052 57,000 11,760 
22 .•..•.•....• 30 1.63 1,075 46,312 10,045 
23 •.•••••.••.. 30 1. 38 1,930 38,000 9,065 
24 ..••.••..••• 30 1.25 1,585 32,062 7,350 

25 •.••.•...••• 30 1. 13 480 42,750 9,800 
26 •••••••••••• 30 1.75 6,780 57,000 11,760 
27 •••••••••••• 30 1.50 606 45,125 9,310 
28 •••••••••••• 30 1.63 2,958 45,125 9,800 
29 •••••••••••• 30 1.75 2,344 43,937 9,800 
30 •••••••••••• 30 1.38 2.095 33,250 9.310 
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Break number 

1 ••••••••••••• 
2 ••••••••••••• 
3 ••••••••••••• 
4 ••••••••••••• 

-
5 ••••••••••••• 
6 ••••••••••••• 
7 ••••••••••••• 
8 ••••••••••••• 
9 ••••••••••••• 
10 •••••••••••• 
11 •••••••••••• 

12 •••••••••••• 
13 •••••••••••• 
14._ ••••••••••• 
15 •••••.•••••• 
16 •••••••••••• 
17 •••••••••••• 
18 •••••••••••• 
19 •••••••••••• 
2 O •••••••••••• 

21 •••••••••••• 
22 •••••••••••• 
23 •••••••••••• 
24 •.•••••••••• 
25 •••••••••••• 
26 •••.•••.•••. 
27 •••••••••••• 

28 ••.•.••.•••• 
29 •••••••••••• 
30 ••.•••.••••• 
31 •••••••••••• 
32 •••••••••••• 
33 •••••••.•.•• 
34 .•.•••.•.••• 

35 •••••••••••• 
3 6 •••••••••••• 
37 •••••••••••• 
3 
3 
4 
4 
4 
4 
4 

'4 

8 •••••••••••• 
9 •••••••••••• 
O •••••••••••• 
1 •••••••••••• 
2 •••••••••••• 
3 •••••••••••• 
4 •••••••••••• 
5 •••••••••••• 

TABLE A-7. - Data for simulated drift in limestone 

Feather angle, 0 Depth of break, in Weight of break 
rna terial, kg 

15 2.25 

} 15 1.88 9.1 
15 1.63 
15 1.75 

3 1. 75 
3 1.88 
3 .80 
3 2.13 ) 23.2 
3 2.13 
3 1.75 
3 1.88 

3 1. 88 
3 - -- 2-.25 
3 2.25 
3 1.75 
3 2.00 ) 14.1 
3 1.88 
3 1.88 
3 2.00 
3 1.63 

3 - 1. ~f) - --

15 2.50 
15 2.06 
15 2.00 > 8.6 
15 1. 25 
15 2.00 

3 1. 75 

3 2.25 
3 2.25 
3 2.19 
3 3.00 ) 16.4 
3 3.00 
3 3.00 
3 3.00 

3 2.00 
3 2.00 
3 2.00 
3 2.00 

. 3 2.00 
3 2.00 > 15.9 
3 3.00 
3 1.50 
3 2.00 
3 2.00 
3 2.00 

Force lb 
Radial Axial 

{47,500 10,290 
40,375 9,555 
28,500 6,860 
28,500 8,820 

36,812 9,065 
39,187 9 -;800 
33,250 7,840 
28,500 8,330 
34,437 8,820 
39,187 9,800 
35,625 9,310 

34,437 9,432 
40,375 8,330 
43,225 8,918 
36,812 8,575 
40,375 9,800 
40,375 9,702 
52,250 11,760 
57,000 .U,760 
33,487 8,942 

l- aS,-5-Q-f)- 1--8-, {}8:§ 

28,500 5,880 
28,500 4,410 
26,125 5,390 
22,562 6,860 
22,562 7,350 
21,375 6,860 

40,-375 9,800 
28,500 7,350 
35,625 9,800 
28,500 5,880 
28,500 5,880 
28,500 5,145 
28,500 5,145 

21,375 4,410 
35,625 9,310 
33,250 8,820 
39,187 9,555 
32,062 7,350 
32,062 8,820 
57,000 11,760 
28,500 6,370 
40,375 10,290 
28,500 8,085 
33 251) 8 30 

I 
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TABLE A-7. - Data for simulated drift in limestone--Continued 

Break number Feather angle, 0 Depth of break, in Weight of break Force, lb 
mate-rial, kg Radial Axial 

46 •••••••••••• 3 2.00 33,250 8,575 
47 •••••••••••• 3 2.00 28,500 7,595 

48 ............ 3 2.50 28,500 0 

49 •••••••••••• 3 2.50 > 12.7 28,500 0 
50 •••••••••••• 3 2.00 26,125 3,430 

51 .•...•••.... 3 2.50 28,500 4,410 

52 •••••••••••• 3 2.50 28,500 4,410 

53 •••••••••••• 3 3.00 

) 
r'125 

0 
54 •••••••••••• 3 3.00 26,125 0 

55 •••••••••••• 3 2.00 11.4 40,375 8,820 
56 •••••••••••• 3 3.00 28,500 8,330 
57 •• II. ••••••••• 3 3.00 28,500 8,330 

58 •••••••••••• 15 2.00 

} 
{ 21,375 5,145 

59 •••••••••••• 15 1.50 9.5 
21,375 0 

60 •••••••••••• 15 2.00 21,375 7,227 
61 •••••••••••• 15 2.00 21,375 6,737 

62 •••••••••••• 15 2.13 19,000 0 
63 •••••••••••• 15 1.50 26,125 7,350 
64 •••••••••••• 15 2.00 21,375 4,900 
65 •••••••••••• 15 2.00 15.0 

21,375 7,962 
66 •••••••••••• 15 1.00 

) 
17,218 6,002 

67 •••••••••••• 15 2.00 47,500 9,800 
68 .••......•.. 15 2.00 19,000 0 
69 .••••••••••• 15 1.25 42,750 7,350 

7 O ••••.•.••••• 15 2.00 35,031 8,330 
71 •.••••••.••• 15 1. 50 28,500 5,880 
72 •••••.•••••• 15 2.50 28,500 5,145 
73 •••••••••••• 15 2.13 35,625 10,290 
74 ••••••••••.• 15 1.50 17,812 0 
75 •.•••••••••• 15 1.00 33,250 8,330 
76 ••••••••.••• 15 1.00 19.5 

20,187 0 
77 ••••••••••.• 15 2.00 32,062 9,065 
78 •••••••••••• 15 2.00 35,625 9,310 
79 •.••••••.••• 15 2.00 24,937 8,330 
80 •..••••••••• 15 1. 50 40,375 9,310 
81 •••••.•••••• 15 1.38 33,250 9,310 
82 •.•••.••••.• 15 1.00 11,875 0 
83 •.••••.••••• 15 1. 00 19,000 6,370 

- -
84 •.•••••••.•• 3 2.50 39,187 8,820 
85 •••••••••••• 3 2.50 39,187 8,820 
86 •.••••..•••• 3 3.25 42,750 8,820 
87 •••••••••••• 3 3.25 42,750 8,820 
88 •.•••••••••• 3 1. 00 20.5 

35,625 0 
89 •••••••.•••• 3 2.00 42,750 8,820 
90 •••••.•••••• 3 2.50 35,625 0 
9 1 ••••.••••..• 3 2.50 47,500 4,900 
92 •••••••••••• 3 2.00 42,750 0 
93 ••••••••• , ••• 3 3.00 47,500 0 
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TABLE A-7. - Data for simulated drift in limestone--Continued 

Break number Feather angle, 0 Depth of break, in Weight of break Force, Ib 
material, kg Radial Axial 

94 .•.•....•.•• 3 2.00 35,625 0 

95 •••••••••••• 3 3.00 47,500 7,840 

96 •••••••••••• 3 2.00 35,625 7,840 

97 •••••••••••• 3 2.00 35,625 0 

98 •••••••••••• 3 1.50 > 10.0 
32,062 0 

99 •••••••••••• 3 3.50 38,000 0 

100 .••••••••.. 3 3.25 )-8-, -e()O 0 

101 ••••••••• ' •• 3 1. 75 29,687 0 

102 ••••••••••• 3 1.50 21,375 0 

103 ••••••••••• 3 2.00 33,250 0 

104 ••••••••••• 30 2.00 36,812 9,800 

105 ••••••••••• 30 2.00 30,8-75 6,370 

106 ••••••••••• 30 2.00 45,125 9,800 

107 ••••••••••• 30 2.00 39,187 0 

108 ••.•••••••• 30 - - 2.00 29,687 0 

109 ••••••••••• 30 2.00 
16.8 33,250 6,860 

110 ••••••••••• 30 2.00 29,687 8,820 

Ill ........... 15 2.00 24,937 0 

112 ••••••••••• 15 2.00 33,250 9,800 

113 ••••••••••• 3 2.00 46,312 10,290 

114 ••••••••••• 3 1.75 35,625 7,350 

115 ••••••••••• 3 2.00 38,000 9,800 

116 .••..••••.• 3 2.00 - --- - - ~5_.:Z11L I-_LO-.29_0 

117 ••..••••••• 3 2.00 21,375 0 

118 ••••••••••• 3 2.00 30,875 0 

119 •..•••••••• 3 1.38 16,625 0 

120 •••••.••••• 3 1.38 > 14.1 
29,687 0 

121 •..•••••••. 3 2.00 35,625 8,330 

122 .•.•.•.•••• 3 1.50 24,937 0 

123 •.•••.••••. 3 3.00 47,500 7,840 

124 .•..••••••• 3 2.00 33,250 0 

125 •..••••••.• 3 1. 75 42,750 0 

126 .•.•••••••• 3 2.25 47,500 9,800 

127 .•.•••••... 3 2.25 47,500 -9,800 

128 ....•.•••.• 3 2.00 42,750 0 

129 ••..•....•. 3 2.00 31,468 0 

130 ••••••••••• 3 2.50 47,500 0 

131 ....••.••.. 3 2.50 47,500 0 

132 .•........• 3 1. 50 24,937 0 

133 ......•.••• 3 2.25 38,000 0 

134 .•••....••. 3 2.25 38,000 0 

135 ••...••.... 3 2.50 > 20.0 39,187 0 

136 •....•...•• 3 2.50 45,125 0 

137 ....•.•.•.• 3 2.38 49,875 7,595 

138 .•...•...... 3 2.38 49,875 7,595 

139 ....•....•. 3 1.75 28,500 0 

140 ••••••••••• 3 3.00 49,875 8,820 

141 ..•........ 3 2.00 45,125 0 

142 .•..•..•••• 3 2.00 45,125 - 0-
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TABLE A-7. - Data for simulated drift in limestone--Cont inued 

Break number Feather angle, 0 Depth of break, in Weight of break Force, lb 
material, kg Radial Axial 

143 •.••••••••• 3 1.50 35,625 0 
144 ••••••••••• 3 2.00 57,000 11,760 
145 ••••••••••• 3 2.25 27,906 0 
146 ••••••••••• 3 1. 25 28,500 4,410 
147 ••••••••••• 3 1.00 57,000 11,760 
148 ••••••••••• 3 2.00 47,500 9,800 
149 ••••••••••• - 3 2.00 ) 18.2 33,250 0 
150 ••••••••••• 3 2.13 46,312 0 

151 ••••••••••• 3 2.00 42,750 8,330 
152 ••••••••••• 3 2.00 28,500 490 
153 ••••••.•••• 3 2.25 41,562 9,800 
154 ............ 3 2.00 47,500 10,290 
155 ...•••••••. 3 2.00 42,750 9,800 

156 ••••••••••• 15 2.25 57,000 11,760 
157 ••••••.•••• 3 2.00 35,625 8,942 
158 ••••••••••• 3 2.00 10.0 

35,625 7,350 
1 S9 ••••••••••• 3 2.00 42,156 9,800 
160 ••••••••••• 3 2.00 42,156 9,800 
161 .••••••.•.. 3 1.50 34,437 0 

162 ..•••• e . •••• 15 1.25 

} 
{ 35,625 9,800 

163 •...•••.•. • 15 2.00 4.5 
30,875 9,800 

1-64 •• • • • • •• •• • 15 2.00 39,187 9,800 
165 ..•..••.••• 15 2.00 28,500 6,370 

166 ••••••.••.. 3 2.00 35,625 8,330 
167 •••••.•..•• 3 2.00 42,750 8,820 
168 •.....•••.• 3 2.00 42,750 8,820 
169 ..••••.•.•• 3 2.00 49,875 11,760 
170 ••••••••••• 3 2.00 42,750 9,800 
171 ••••••••.•• 3 2.00 42,750 0 
172 ••••••••••• 3 2.00 42,750 0 
173 ••••••••••• 3 2.50 42,750 9,800 
174 ••••••.•••• 3 2.50 42,750 9,800 
175 ••••••••••• 3 2.25 49,875 11,760 
176 ••••••••••• 3 2.25 49,875 11,760 
177 ••••••••••• 3 2.25 20.0 42,750 0 
178 ••••••••••• 3 2.50 49,875 11,760 
1 79 ••••••••••• 3 2.00 57,000 11,760 
180 ....••••••• 3 1.75 30,875 7,350 
181 ••••••••••• 3 1.75 49,875 11,760 
182 ••••••••••• 3 1. 25 30,875 0 
183 ..•.....•.. 3 2.00 57,000 0 
184 ••••••••••• 3 2.00 54,625 0 
185 •.•...••.•• 3 2.00 35,625 0 
186 ........... 3 2.00 35,625 0 
187 ...•••....• 3 2.00 35,625 7,350 
188 .•....•.•.. 3 1.75 28.500 0 
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TABLE A-7. - Data for simulated drift in limestone--Continued 

Break number Feather angle, 0 Depth of break, in Weight of break Force, lb 
material, kg Radial Axial 

189 •.••••••.•• 3 1. 50. 24,937 0. 

190 .•.••..•.•• 3 2.50. 33,250. 8,0.85 

191 •••••••• " ••• 3 2.0.0. 47,50.0. 9,80.0. 

192 ••••••••••• 3 2.0.0. 28,50.0. 5,880. 

193 •.......... 3 2.0.0. 49,875 10.,290. 

194 .•.•••. • ' ••. 3 2.0.0. 42,750. 9,80.0. 

195 .•.•.••.••. 3 2.25 11.4 - - }8-;o-o.o. - 0. 

196 ••.......•. 3 1.50. 24,937 0. 

197 ••••••••••• 3 2.0.0. 42,750. 0. 

198 ••••••••••• 3 2.0.0. 39,187 10.,290. 

199 .•••••••••• 15 1. 50. 29,687 0. 

2.00 ••••••••••• 15 1. 0.0. 21,375 7,3~0. 

201 •••..•••..• 15 1.50. 47,50.0. 0. 

202 ......••••. 15 .0.0. - 28,50.0. 8,330. 

203 ...••...... 15 2.0.0. 21,375 5,145 

204 •.•........ 15 1. 50. 12.7 
25,531 6,860. 

205 ...•••...•• 15 1. 50. 32,0.62 9,80.0. 

206 •.••••..••. 15 1. 50. 24,937 0. 

207 ••..•.••... 15 1.50. 21,375 0. 

20.8 ••••••••••• 15 2.0.0. 

! 
! 30,875 

0. 

209 .......•... 15 2.25 32,656 8,330. 

210. ••••••••••• 15 - 2.-0.0 -7_-3 -- O_~_KL5_ ~,_Ro.O 

2 11 ••••..••••. 15 1. 50. 22,562 7,840. 

212 ••••••••••• 15 1.75 57,0.0.0. 11,760. 

213 •.••••....• 15 1.75 28,50.0. 8,820. 

214 ...•••.•.•• 15 1. 50. 36,812 10.,290. 

215 •..••...... 15 2.0.0. 21,375 0. 

216 .•..•..•••• 15 1. 75 24,70.0. 5,733 

217 .•••••••••• 15 2.0.0. 22,80.0. 5,292 

218 ••••••••••• 15 2.50. 14.5 33,250. 0. 

219 ..•••••..•. 15 2.0.0. 26,60.0. 8,918 

220 •..•.•.•... 3 2.0.0. 42,750. 0. 

221 •.....••.•• 15 2.0.0. 40.,375 10.,290. 

222 ••••••••••• 15 2.0.0. 23,275 6,419 

223 •.....••••. 15 2.0.0. 38,593 10.,290. 
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TABLE A-7. - Data for simulated drift in limestone--Continued 

Break number Feather angle, 0 Depth of break, in Weight of break Force, lb 
material, kg Radial Axial 

224 •.••••.••.. 15 2.00 36,218 9,065 
225 •..•....... 15 2.00 34,437 10,290 
226 ••••••••••• 15 1. 50 36,218 10,290 
227 ••••••••••• 3 2.00 36,218 0 
228 ••••••••••• 3 2.00 21,375 0 
229 ••••••••••• 3 2.00 21,375 0 
230 .......•.•• 3 1. 00 11,875 0 
231 •..••••.... 3 2.25 57,000 11,760 
232 ••••••••••• 3 2.00 24,937 0 
233 ••••••••••• 3 1. 50 18.2 45,125 10,780 
234 ..•...•.... 3 1. 50 29,093 0 
235 ••••••••••• 3 1. 50 29,093 0 
236 ••••••••••• 3 2.00 41,562 11,515 
237 ••••••••••• 3 2.13 33,250 0 
238 ............ 3 2.13 33,250 0 
239 ••••••••••• 3 1. 50 21,375 0 
240 ••••••••••• 3 1.50 45,125 0 
241 ••••••••••• 3 2.00 28,500 0 
242 ••••••••••• 3 2.00 I ' 

42,750 7,350 

243 .......•... 3 2.00 42,750 0 
244 ••••••••••• 3 2.00 42,750 0 
245 ......•.... 3 2.00 47,500 0 
246 ••••••••••• 3 2.00 47,500 0 
247 ••••••••••• 3 1. 50 5.5 

28,500 0 
248 ••••••••••• 3 1. 50 40,375 0 
249 ••••••••••• 3 1. 00 31,350 0 
250 ••••••••••• 3 1.00 30,637 0 
251 ••••••••••• 3 1.00 37,406 0 
252 ••••••••••• 3 1.00 38,475 0 

253 ••••••••••• 15 2.00 24,937 0 
254 ••••••••••• 15 2.00 28,975 8,673 
255 ••••••••••• 15 2.13 11.8 

30,162 6,737 
256 ••••••••••• 15 2.00 29,093 8,575 
257 ••••••••••• 15 2.00 49,281 11,760 
258 ••.•••••••• 15 1. 75 57,000 11,760 
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TABLE A-8. - Paired- and single-break data for limestone 

Break number Feather angle, 0 Depth of Weight of break Spacing, 
~~~~+-~~~ 

break, in material, in 
PAIRED-BREAK DATA 

IA ••••••••••• 3 1.38 } 523 !{ 21,375 5,630 5.00 
1 B ••••••••••• 3 1.38 21,375 4,260 
2A ••••••••••• 3 1. 88 } 4,746 {25,175 7,148 5.00 
2B ••••••••••• 3 1.88 27,788 7,589 
3A ••••••••••• 3 2.25 } 1,914 { 35,863 9,939 5.69 
3B ••••••••••• 3 2.25 37,288 1 0.,_9~'§ 
4A ••••••••••• 3 2.00 } 3,485 { 29,450 7,148 5.00 
4B ••••••••••• 3 2.00 28,500 7,589 
5A ••••••••••• 3 1. 25 } 1,423 { 18,050 5,581 4.25 
5B ••••••••••• 3 1.25 14,250 5,826 
6A ••••••••••• 3 1.00 } 860 { 16,625 5,385 3.75 
6B ••••••••••• 3 1. 00 10,687 1,.958 
7 A ••••••••••• 3 1.25 } 1,917 { 12,350 4,410 3.75 
7B •• , •••• ~ ••• 3 1.25 13,775 4,410 

- SINGLE-BREAK DkTA 
1 •••••••••••• 3 1.13 591 20,187 7,252 NAp 
2 •••••••••••• 3 1.25 389 22,562 7,742 NAp 
3 •••••••••••• 3 1. 25 1,913 22,800 7,154 NAp 
4 •••••••••••• 3 1.38 257 22,562 7,644 NAp 
5 •••••••••••• 3 1. 75 2,859 40,375 9,653 NAp 
6 •••••••••••• 3 1.00 1,446 13,062 3,479 NAp 
7 •••••••••••• 3 1.50 2,881 27,312 9,408 NAp 
8 •••••••••••• 3 .75 140 10,925 1,568 NAp 
9 •••••••••••• 3 1.13"8------ r,J--37 - 1-2"8-;-i-J-r-- - ,7-0-2- - NAp 
10 ••••••••••• 3 1.88 2,956 41,800 9,800 NAp 
11 ••••••••••• 3 1.50 1,916 21,375 8,575 NAp 
12 •..•..••.•. 3 1. 00 228 12,112 6,125 NAp 

NOTE.--For this comparison, paired-break data do not include tests conducted with 
spacing that was too large or small. 

TABLE A-9. - Paired-break data for granite 

Break number Feather angle, 0 Depth of Weight of break Force, lb Spacing, 
break, in material, g Radial Axial in 

lA •.•.••.••.• 30 1.38 } 461 {35,625 7,595 3.50 
IB ••••••••••• 30 1. 38 35,625 7,595 
2A ••••••••••• 30 1.25 } 2,697 { 35,625 . 8,575 3.00 
2B ••••••••••• 30 1.25 35,625 8,575 
3A ••••••••••• 30 1.63 } 3,490 { 43,343 10,290 3.25 
3B ••••••••••• 30 1. 63 43,343 10,290 
4A ••••••••••• 30 1.25 } 1,022 { 28,500 7,105 3.25 
4B ••••••••••• 30 1. 25 28,500 7,105 
SA ••••••••••• 30 1.00 } 652 { 28,737 7,987 3.25 
SB ••••••••••• 30 1. 00 28,737 7,987 
6A ••••••••••• 30 1.63 } 1,650 { 45,600 10,780 3.63 
6B ••••••••••• 30 1.63 45,600 10,780 
7 A ••••••••••• 30 1. 75 } 4,000 { 47,500 11,270 3.25 
7B ••••••••••• 30 1.75 47,500 11,270 

NOTE.--Single-break data for granite are shown in table A-5. For this comparison, 
paired-break data do not include tests conducted with spacing that -was tOG 1-arge or 
small. 
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